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inhibitor cocktail Tablet/50ml lysis buffer, Roche), 50 units/ml RNase inhibitor (Thermo Scientific)). Cell extracts were centrifuged two times at 12,000 rcf at 4℃ for 15 RNA was recovered by incubating the beads in same volume of proteinase K buffer (50mM Tris-HCl, PH 7.4, 25mM EDTA, 300 mM NaCl, 1.25% SDS, 1μg/ul proteinase K (Thermo Scientific, Cat. No. AM2546)) for 15min at 65℃ and purified using the Zymo micro RNA kit (Zymo Research, Cat. No. R1061). Small RNAs were quantified using the Agilent 2100 Bioanalyzer system (Aglient small RNA Kit, Cat. No. 5067-1548).
Western blot analysis
Proteins were extracted with 1X SDS buffer containing 50mM Tris-HCl, pH6.8, 10%
glycerol, 2%SDS, 12.5mM EDTA, 1% β-mercaptoethanol, and 0.02% bromophenol blue. The protein was loaded on a 6% (w/v) SDS-PAGE gel and transferred to Hybond-C Extra membrane (GE Healthcare). For GFP detection, the membranes were probed with eGFP Tag Antibody (1:1000 v/v, Invitrogen, Cat. No. CAB4211) overnight at 4℃ and then secondary anti-rabbit antibody (1:3000 v/v, Sigma, Cat. No. A3687) for 1hr at RT. The signal was detected using the Supersignal West Pico PLUS Chemiluminescent Substrate (Thermo-Fisher Scientific, Cat. No. 34577) and developed using an Auto Film Processor (TongYang Medical).
Total RNA extraction and RT-qPCR analysis
Total RNA was extracted from seedlings using the TRIzol Reagent (Invirtrogen) and Quick-RNA Plant Mini-prep Kit (Zymo Research). cDNA synthesis was conducted using the cDNA EcoDry Premix Kit (Takara), and qPCR was performed using the iQ SYBR Green Supermis (Bio-Rad) in a CFX384 Real-Time PCR System (Bio-Rad).
The expression levels of the genes analyzed were normalized to ACTIN2. Three biological replicates were conducted. The primer sequences are listed in Dataset S6.
Stomatal phenotype analysis
Seedlings grown on 1 /2 Murashige and Skoog (MS) agar media without sucrose were used to analyze stomatal development phenotype. Stomatal pairs and numbers were counted in the same position on the abaxial side of cotyledons of 10-day-sold seedling in an area of 780 X 780 μm 2 . To calculate the percentage of plants having stomatal pairs per unit area (780x780 μm 2 ), ten cotyledons from ten independent seedlings were used. For example, when ten independent cotyledons were analyzed, five cotyledons showed no stomatal pair, three cotyledons showed one stomatal pair, and two cotyledons showed more than two stomatal pairs. Then the percentage of seedlings displaying stomatal pairs per unit of area would be 50 % (no pair), 30 % (1 pair), and 20 % (≥2 pairs). Experiments were repeated three times with ten independent plants for each experiment.
Small RNA library sequencing and data analysis
Small RNAs were converted to cDNA libraries using the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs, MA, USA). 5'-and 3'-adapters were ligated to the purified small RNA, followed by reverse transcription using Protoscript II reverse transcriptase and incorporation of index tags by PCR. The resulted libraries were subjected to size selection (145-160 bp) using Sage Pippin Prep (Sage science, MA, USA) on a 3% agarose gel. The cDNA libraries were the sequenced using the Illumina Hiseq 2500 system, generating 50 bp single-end reads.
After the library sequencing, the adapter sequences were trimmed, and the reads were filtered out with length < 15 bp. The remained reads were then aligned to the Arabidopsis thaliana genome (TAIR10) using Bowtie 1 (3) with the option allowing for all possible multiple alignments without any mismatches. Then, the number of reads that were aligned onto the annotated loci of 1) coding and non-coding genes excluding miRNA genes in TAIR10 and 2) mature miRNAs in miRBase 21 (4) were calculated by using coverageBed of BEDTools (5). For each sample, reads per million mapped reads (RPM) values of the individual loci were computed, and quantile normalization (6) was applied to the RPM values.
Identification of DE miRNAs
The small RNAs expressed in at least one of the six stomatal development stages were identified as those with RPMs > 1 in at least two of the triplicates. A pseudo-value was added to the RPM values of the individual samples and converted to the log2-RPM values. To identify DE miRNAs from the expressed small RNAs, all pairwise comparisons were performed among the six stages. For each expressed small RNA in the individual comparisons, a paired t-test was conducted to obtain T-value, and the empirical null distribution for T-value was generated by applying random sampling experiments 1,000 times (7). The empirical false discovery rate (FDR) for the observed T-value of each small RNA was estimated by performing the two-tailed test on the empirical distribution. Among the expressed small RNAs, we selected the mature miRNAs with their FDRs < 0.1 and absolute log2-median ratio > 0.58 in at least one of the comparisons. Finally, miRNAs were removed whose maximum expression changes (log2-median ratio) across the six stages were less than one, and the remaining miRNAs were identified as DE miRNAs.
To investigate the dynamic expression patterns of stomatal lineage miRNAs, we clustered the expression patterns of DE miRNAs in the two paths (SPCH-MUTE-FAMA and EPF2-EPF1) by using correlation-based k-means clustering with k = 12 and k = 8 for SPCH-MUTE-FAMA and EPF2-EPF1 paths, respectively. The twelve and eight clusters were further grouped into three (stomatal entry and differentiation) and two groups (stomatal entry, commitment and differentiation) by applying a hierarchical clustering method to centroid values of the clusters with complete linkage and Euclidean dissimilarity measure.
Identification of potential target DEGs for DE miRNAs
mRNA expression profiles across the four stages (ML1, SPCH, MUTE, FAMA) were obtained from the raw RNA-sequencing data generated by Adrian et al. (8) . The adapter sequence and the bases with PHRED scores < 20 from the reads were trimmed, and the reads with length of the remaining sequences < 30 bp were removed.
Then, the reads were aligned to the TAIR10 genome using Bowtie 2 (9) with the default option. For each annotated gene in TAIR10, the number of reads was calculated using HTSeq-count (10) , and the trimmed mean of M-values (TMM) normalization to the read counts was performed using edgeR (11) was generated by random permutation. Then, the significantly anti-correlated relationships were determined as those with the correlation coefficients < -0.5, which is 25 th percentile of the empirical distribution.
Functional enrichment analysis of Gene Ontology biological processes (GOBPs)
To understand cellular processes enriched by the three groups of potential target DEGs in the SPCH-MUTE-FAMA path, the enrichment analysis by was performed using DAVID software (17) . GOBPs significantly represented by the genes were identified as those with the number of involved genes ≥ 3 and P < 0.1.
Construction of miRNA-target mRNA regulatory network
To select key DE miRNAs that significantly regulate the DEGs during stomatal lineage progression, the hypergeometric test was applied with the inferred relationships between DE miRNAs and their putative target DEGs. Key DE miRNAs were determined with the resulted P < 0.01. To construct a regulatory network of key DE miRNAs and their target DEGs, Cytoscape software (18) 6110A) to generate RACE-ready first strand cDNA with known 5' ends. To obtain 3'ends, the first strand cDNA was used for PCR amplification using a forward genespecific primer (GSP) and the GeneRacer 5' primer. The RACE PCR products were purified using the HiGene Gel & Pcr purification System Kit (Biofact, Cat. No. GP104-100). The PCR products were cloned into PGEM-T Easy Vector Systems, and 10 individual colonies were selected for sequencing to detect the miRNA cleavage site. List of primers used in this study
